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Objective:

This project has been focused on developing a better understanding of the fundamental
kinetic mechanism(s) (i.e., rate-limiting step(s), kinetic rate law(s)) of the DCP (Displacive
Compensation of Porosity) process for fabricating ZrC/W composites.

Approach and Key Results:
The fundamental conversion mechanism for the following net liquid/solid displacement

reaction has been examined:
(Zr) + WC(s) = ZrC(s) + W(s) ¢))

where (Zr) refers to zirconium dissolved within a Zr-Cu melt. Such mechanistic knowledge is
needed in order to be able to predict the time required, under various processing conditions, for
full conversion of porous WC preforms into dense ZrC/W composites (e.g., for rocket nozzle
applications) by the DCP method. For this fundamental study, dense wafers of WC were
prepared by hot isostatic pressing at 1850°C. The wafers were then immersed in a vertical
orientation in a Zr-Cu melt at temperatures in the range of 1150-1400°C for times up to 24 hours.
After such exposure, the polished WC surfaces were found to be coated with two reaction
product layers. A layer of tungsten was observed to be in direct contact with the WC. A second,
external layer of ZrC separated the W layer from the melt. The thicknesses of the W and ZrC
layers were found to: i) increase at a parabolic rate with time, ii) be independent of the relative
vertical position on the WC surface, and iii) increase exponentially with temperature (i.e.,
Arrhenius behavior).

Conclusions:
The effects of time, temperature, and vertical position on the thickening rates of the W and

ZrC product layers, and the influence of infrequent disruptions in these product layers on the
local WC consumption rate, indicated that the passive incongruent reduction of WC by reaction
with a Zr-Cu melt was controlled by solid-state diffusion of carbon (either through the lattice of
the W layer and/or through grain boundaries in the Z1C layer). |
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Dense, Near Net-Shaped, Carbide/Refractory Metal
Composites at Modest Temperatures by the
Displacive Compensation of Porosity (DCP) Method

Matthew B. Dickerson, Robert L. Snyder,” and Ken H. Sandhage*

Department of Materials Science and Engineering, The Ohio State University, Columbus, Ohio 43210

Dense, near-net-shaped, carbide-rich, carbide/tungsten com-
posites have been produced at modest temperatures by the
displacive compensation of porosity (DCP) method. Porous,
freestanding WC preforms were infiltrated and reacted with a
Zr,Cu liquid at 1300°C and ambient pressure. The carbon in
the WC was displaced by zirconium in the melt to yield ZrC,
and tungsten. The increase in solid volume associated with this
displacement reaction was compensated by the prior pore
volume of the preform. Dense ZrC,/WC/W composites that
possessed <5 vol% residual copper-bearing phase, and re-
tained the shape and dimensions of the preform, were
produced.

1. Introduction

D:)SPLACEMENT reactions involving liquid metals have been used
y several authors’~® over the past decade to convert ceramic
preforms into dense, near net-shaped oxide/metal or oxide/inter-
metallic composites at modest temperatures. For example, Al,O,/
Al-Si, AlL,O4/TiAl;, MgO/Mg-Al, and MgAl,O,/Fe-Ni-Al com-
posites have been produced by reactive penetration or reactive
infiltration of aluminum-bearing or magnesium-bearing liquids
into shaped oxide preforms at 900°~1200°C."~” Dense, non-oxide/
metal composites have also been produced by displacement
reactions, although at much higher processing temperatures. For
example, dense ZrB,/ZrC/Zr composites have been produced by
the reaction of molten zirconium with porous B,C powder beds
(within graphite molds) at 1850°~2000°C.%

The purpose of this paper is to demonstrate that porous, rigid
carbide preforms can be converted at modest temperatures into
dense, near-net-shaped, carbide/refractory metal composites by the
displacive compensation of porosity (DCP) method.** In this
work, a Zr,Cu liquid is allowed to infiltrate and undergo the
following displacement reaction with a porous WC preform at
1300°C:

{Zx} + xWC(s) = ZrC,(s) + xW(s) )
where {Zr} refers to zirconium present in molten Zr,Cu. Zr,Cu
melts congruently only at 1025°C (i.e. , ~800°C lower than pure
zirconium).® A thermodynamic calculation using available data for
ZrC.. WC, and Zr-Cu alloy liquids indicates that reaction (1)

N. Claussen—contributing editor

Manuscript No. 187539. Received August 7. 2001: approved October 16. 2001.

Supported by the U.S. Air Force Office of Scientific Research. under Grant No.
F49620-01-1-0477 (Dr. Joan Fuller).

Presented in part at the 103rd Annual Meeting of the American Ceramic Society.
Indianapolis. IN. April 24, 2001 (Ceramic Matrix Composites Symposium. Paper No.
C2F-03-2001).

*Member. American Ceramic Society.

730

should proceed spontaneously at 1300°C for Zr-Cu melts with
>0.092 at.% zirconium.'®='? The products of this reaction,
ZrC (s) and W(s), possess a combined volume that is larger than
the molar volume of WC(s).!* This displacement-reaction-induced
increase in solid volume can be used to fill the prior pore volume
of the preform (“displacive compensation of porosity”). As the .
internal solid content of the preform increases at 1300°C, the
residual copper-enriched liquid can be extruded back out of the
body. Hence, copper can act as an attractive fugitive element, by
greatly reducing the temperature required for reactive infiltration
and then leaving the specimen via extrusion during reaction.
Furthermore, since copper exhibits negligible chemical interaction
with zirconium carbide, tungsten carbide, and tungsten, small
amounts of entrained copper should not degrade the refractoriness
of the final composite (e.g., the melting point of tungsten, 3410° £
20°C, is reduced only by 8°C in the presence of copper).’ Indeed,
modest additions of copper to tungsten have been proposed to
enhance the ductility, toughness, and thermal conductivity of
tungsten-bearing composites used in rocket combustion chambers
and nozzles.'*

II. Experimental Procedure

Porous WC preforms were prepared from a mixture of WC
powder (99.9% purity, 10 um average size, Aldrich Chemical Co.,
St. Louis, MO) with 5 wt% of an aqueous solution of 4 wt%
poly(vinyl alcohol) (Airvol 2005 PVA, Air Products and Chemi-
cals, Allentown, PA). The mixture was uniaxially pressed into bars
(50 mm X 11.5 mm X 3 mm) at a peak stress of 240 MPa. The
green bars were heated to 400°C for 4 h in flowing argon (to
remove the PVA binder) and then to 1700°C for 2 h in a vacuum
furnace (to produce rigid preforms). The bars were cut and ground
into plates (12 mm X 11.3 mm X 3 mm) for subsequent reactive
infiltration with Zr,Cu liquid.

A Zr,Cu ingot was prepared by induction melting. A 1 kg
charge comprised of zirconium sponge (99.6% purity, 0.8—19 mm
diameter pieces, Johnson-Matthey, Ward Hill, MA) and a copper
rod (99.99% purity, 2.5 cm diameter X 5.9 cm thick, Atomergic
Chemetals, Farmingdale, NY) was placed within a magnesia
crucible (99.4% purity, 96% dense, 10.2 cm diameter X 15.2 cm
high, Ozark Technical Ceramics, Webb City, MO). The charge
was sealed within a silica enclosure located inside a water-cooled
copper coil connected to a 60 kV induction power supply (Mark
1V, Inductotherm, Rancocas, NJ). After repeated evacuation and
backfilling with argon, the charge was induction melted and stirred
for 4 min. Inductively-coupled plasma spectroscopy (Optima 3000
ICP-OES, Perkin-Elmer Corp., Norwalk, CT) indicated that the
solidified ingot possessed a composition of 67.5 at.% zirconium/
32.5 at.% copper, which was close to the desired Zr,Cu compo-
sition. X-ray diffraction (XRD) analyses of the ground ingot also
revealed peaks consistent with Zr,Cu.

Before reactive infiltration, pieces of the solid Zr,Cu ingot were
placed on top of the WC preform within a flat-bottomed magnesia
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Fig. 2. SEM micrographs ((a) secondary electron image and (b) back-
scattered electron image) of a polished cross section of a composite
specimen produced by the reactive infiltration of Zr.Cu(/) into porous
WC(s) at 1300°C.

the mixture of solid products shown in reaction (2). On reactive
infiltration, the specimen increased in weight by a factor of 1.34,
which was similar to the weight gain expected for the reaction
shown in reaction (2) (i.e., a factor of 1.39).

The reaction-induced increase in volume associated with reac-
tion (2) was sufficient to fill the pores within the WC preform with
little change in external dimensions (see Table I). The 55.1% dense
WC preform of Fig. 1(a) was converted to the 99.6% dense
ZrC/WC/W-bearing composite shown in Figs. 1(b) and (c)
(Pieol WC] = 15.67 g/em?®, pyeolcomposite] = 11.54 g/cm?®)."?
Micrometer measurements indicated that the volume of the final
composite was only 0.87% larger than that of the starting preform.
Hence, the volume of solid within the final composite must have
been a factor of 1.82 times larger than that of the preform (i.e.,
1.0087(99.6)/55.1 = 1.82). This value was not far from the factor
of 1.89 increase in volume calculated for reaction (2).' As the
internal solid volume increased at 1300°C, residual copper-
enriched liquid was extruded back out of the specimen, so that only
a small amount (4.5 vol%}) of a copper-rich phase was retained in
the final composite. Because the preform remained rigid during the
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course of such reactive infiltration, the shape and dimensions of
the preform were retained in the final composite to within 1.3%.

IV. Conclusions

The feasibility of fabricating dense, near net-shaped, carbide-
rich ZrC /WC/W-bearing composites at 1300°C by the displacive
compensation of porosity (DCP) method has been demonstrated.
On infiltration of porous WC with molten Zr,Cu, the zirconium in
the liquid underwent a displacement reaction with the WC to yield
ZrC, and tungsten. The net increase in internal solid content due to
this reaction caused residual copper-enriched liquid to be squeezed
back out of the preform, thereby yielding a 99.6% dense ZrC./
WC/W-based composite with little residual copper. Image analy-
ses yielded a phase content of 48.8 vol% ZrC,, ¢, 26.4 vol% WC,
20.3 vol% tungsten, and 4.5 vol% copper-rich phase. This phase
assemblage was also consistent with carbon analysis, X-ray
diffraction analysis, and the observed weight change. Because the
preform remained rigid during the course of the pore-filling
displacement reaction, the shape was retained with little change
(—0.08 to +1.3%) in external dimensions.
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ABSTRACT
Refractory metal/carbide composites can possess unique and attractive

combinations of properties for aerospace and other applications. A novel process
for fabricating dense, near net-shaped refractory metal/carbide composites at
modest temperatures has recently been demonstrated: the PRIMA-DCP process
(Pressureless Reversible Infiltration of Molten Alloys by the Displacive
Compensation of Porosity). In this paper, the PRIMA-DCP process is used to
synthesize W/ZrC-bearing composites with tailored phase contents. Porous, but
rigid WC-bearing preforms were pressureless infiltrated with a Zr-Cu liquid at
1200-1300°C. Upon infiltration, the Zr in the liquid underwent a displacement
(oxidation-reduction) reaction with WC to yield a solid mixture of ZrC and W.
The reaction-induced increase in internal solid volume was accommodated by the
prior pore volume of the rigid preform (“displacive compensation of porosity™).
As the solid products filled the pores, the unreacted liquid was extruded back out
of the preform (“reversible infiltration™), so that dense composites were produced
with little change in the external dimensions. By varying the W:WC ratio of the
preforms, composites with tailored phase contents (i.e., varied amounts of ZrC)
could be produced.

INTRODUCTION
The high melting point (3410£20°C) and exceptional high-temperature

properties (low vapor pressure, high modulus and strength, good creep resistance)
of tungsten have made this refractory metal, and alloys based on this metal,
attractive for use in a variety of aerospace components, such as rocket nozzles,
heat shields, combustion chamber liners, hot gas valves, and other parts [1-5].
However, commercially pure tungsten and tungsten-based alloys are also

To the extent authorized under the laws of the United States of America, all copyright interests in this publication are the property
of The American Ceramic Society. Any duplication, reproduction, or recrub[icaﬁon of this publication or any part thereof, without
the express written consent of The American Ceramic Society or fee paid to the Copyright Clearance Center, is prohibited.
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relatively heavy (i.e., densities are in the range of 17.1-19.3 g/cm’) and can be
difficult to produce in complex shapes at low cost [1-4]. Refractory, tungsten.
bearing composites that are lighter than conventional tungsten-based alloys, and
that can be more readily fabricated into desired shape§, could be attractive for
advanced aerospace applications.

Composites of tungsten with refractory carbides (e.g., TiC, ZrC, HfC, NbC,
TaC) can exhibit an attractive combination of chemical, thermal, and mechanical
properties. For example, consider composites of tungsten and zirconium carbide,
ZrC. Zirconium carbide is a high-melting (up to 3420°C), hard (up to 2900
kg/mm?) compound with a density that is nearly 1/3 of that for tungsten (p[ZrC] =
6.63 g/cm”) [6-8]. Tungsten and zirconium carbide are chemically and thermally
compatible. That is, these phases: i) do not react to form stable intermediate
compounds, ii) exhibit limited mutual solid solubility, iii) possess similar thermal
expansion coefficients', and iv) are relatively good thermal conductors at high
temperatures® [1,3,4,9-13]. Composites of W and ZrC can also possess improved
mechanical performance relative to monolithic W or ZrC. W-rich composites can
be quite resistant to fracture above about 400°C (i.e., above the brittle-to-ductile
transformation temperature of tungsten) [1,4]. For example, Song, et al. reported
that composites with 80 vol% W/20 vol% ZrC possessed flexure strengths of 979
MPa at 1200°C [14]. On the other hand, ZrC-rich composites should exhibit
enhanced creep resistance relative to tungsten or tungsten-rich alloys above
2000°C (i.e., above the typical recrystallization temperatures for W and W-rich
alloys) [3-5,7,15].

Dense, refractory W/ZrC composites with relatively complicated (non-
axisymmetric) shapes may be produced by hot pressing or hot isostatic pressing
(e.g., at >2000°C) followed by machining [3,14]. However, given the relatively
high costs associated with such high-temperature, labor-intensive batch
processing, alternative fabrication routes capable of yielding dense, near net-
shaped composites at lower temperatures and at ambient pressure (i.e., for
continuous processing) would be strongly preferred.

A novel reactive-infiltration process for fabricating dense, near net-shaped
carbide/refractory metal composites at modest temperatures (<1300°C) has
recently been demonstrated at Ohio State University [16-18). This process,
referred to as the PRIMA-DCP method’, involves the pressureless infiltration of 2
low-melting metallic liquid into, and reaction with, a porous, rigid, ceramic-
bearing preform. The metallic liquid contains an element that can undergo 2

! Average linear CTE values from 25°C to 2700°C range from 4.5X10°%/°C to 9.2X10°%/°C for W
and 4.0X10°%/°C t0 10.2X10°*/°C for Z+C [12,13].

‘W and ZrC possess thermal conductivities of 10510 W/m-K and 40+10 W/m-K, respectively,
from 1000-2200°C [3,4,10,11] .
3Pressureless Reversible Infiltration of Molten Alloys by the Displacive Compensation of Porosity
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displacement (oxidation-reduction) reaction with a ceramic phase in the preform.
Because the displacement reaction is designed to yield a larger volume of solid
roduct(s) than is consumed, the original pore volume in the preform becomes
" filled with the new solid during reaction (“displacive compensation of porosity”).
The increase in -internal solid volume causes the low-melting metallic liquid
within the infiltrated rigid preform to be extruded back out (“reversible
infiltration”), so that a dense, refractory composite that retains the preform shape
and dimensions is produced. Recent work with the PRIMA-DCP process
demonstrated that dense, ZrC/WC/W-based composites could be produced within
-2 h by the pressureless infiltration of a Zr-Cu liquid into, a partial reaction with,
porous WC preforms at 1200-1300°C [16]. The resulting carbide-rich composites
contained little residual copper (only 5.9 vol%), and retained the shapes and
dimensions of the starting preforms (i.e., the average dimensional changes were
less than 1%).
The objective of the present paper is to demonstrate the feasibility of using the
PRIMA-DCP process to produce dense, near net-shaped, fully-reacted ZrC/W-
- based composites with a range of ZrC contents at <1300°C.

EXPERIMENTAL PROCEDURE

Two types of porous preforms were prepared: i) WC preforms (for ZrC-rich
composites) and ii) W/WC preforms (for W-rich composites). The molar W/WC
ratio in the latter preforms was varied from 0.59 to 5.8. The tungsten carbide
(Aldrich Chemical Co., St. Louis, MO) and tungsten (Johnson Matthey, Ward
Hill, MA) were obtained as powders with particle sizes of <10 pm and <12 pm,
respectively, and purities in excess of 99.9%. For some of the W/WC preforms,
nickel powder (<3.0 um, 99.9% purity, Johnson Matthey) was introduced (5-10
wi%) as a sintering aid [19]. The powders were mixed in a mortar and pestle with
5 wt% of an aqueous 4 wt% solution of polyvinyl alcohol (Grade Airvol 205, Air
Products and Chemicals, Inc., Allentown, PA). The preforms were produced in
the shape of disks (1.3 cm dia. X 3.5 mm thick) by uniaxial pressing of the
powder/binder mixtures at a peak stress of 84 MPa. The binder was then removed
by heating at 400°C for 4 h in flowing Ar. The preforms were then annealed in
flowing argon for either 0.5 h at 1100°C (for Ni-doped specimens) or for 2 h at

- 1750°C (for Ni-free specimens).
- The porous WC-bearing preforms were infiltrated with a Zr,Cu liquid (Tfusion
=1025°C [20]). A 1 kg ingot of Zr,Cu was produced by induction melting of a
- copper rod (2.5 cm dia. x 5.9 c¢m thick, 99.9% purity) and zirconium sponge (0.8-
- 19 mm dia. pieces, 99.6% purity, Johnson-Matthey, Inc., Ward Hill, MA) within a
magnesia crucible (10.2 cm dia. x 15.2 cm high, Ozark Technical Ceramics, Inc.,
Webb City, MO). Prior to melting, the Zr-Cu charge was sealed in an argon
atmosphere within a silica enclosure. Induction melting/stirring was conducted
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with 2 60 kV power supply for 4 minutes. The melt was then allowed to coo] t0
room temperature within the argon atmosphere. The composition of the cast ingoy
was determined by inductively-coupled plasma spectroscopic analysis (Optima
3000 ICP-OES, Perkin-Elmer Corp., Norwalk, CT) to be 67.5 at% Z1/32.5 at?%, Cu
(e, close to the Zr,Cu composition). XRD analyses of the ingot yieldeq
diffraction peaks for only the Zr,Cu phase.

Prior to a given reactive infiltration experiment, pieces of the solid Zr,Cu
ingot were placed above a disk-shaped preform inside a magnesia crucible (Ozark
Technical Ceramics, Inc.). The molar ratio of Zr,Cu:WC used in each experiment
was 1.5-1.6:1, which was in excess of the amount required for complete
consumption of the WC. After purging the tube furnace with flowing Ar for 2-3
h, the Zr,Cu-covered preforms were heated at 7°C/min to 1200-1300°C for 1-8 b,
The specimens were then cooled at 7°C/min under the flowing argon atmosphere.
The phase content and microstructure of the resulting specimens were evaluated
with x-ray diffraction (XRD) analyses (i.e., using Cu-Ka radiation and a scan rate
of 0.5°C/min) and scanning electron microscopy (Model XL-30 SEM, Philips
Electron Instruments, Eindhoven, The Netherlands).

RESULTS & DISCUSSION :
Consider the following displacement reaction between molten zirconium,

{Zr}, and solid tungsten carbide:
{Zr} + WC(s) = ZrC(s) + W(s) ¢))

The standard Gibbs free energy change for this reaction at temperatures above the
Zr melting point (1852+2°C) is strongly negative (e.g., AG°x,(1900°C) = -144.8
kJ/mole), so that a WC preform infiltrated with Zr(l) should spontaneously react
to yield a solid mixture of ZrC and W [21,22]. Alternately, by using a low-
melting, Zr-rich alloy instead of pure Zr(l), this reaction may be conducted at
temperatures well below the zirconium melting point.  The Zr,Cu composition
chosen for the present work is particularly attractive as this compound melts
congruently at only 1025°C (i.e., more than 800°C lower than pure Zr) [20,22].
Furthermore, the Gibbs free energy change of reaction (1) for the case where {Zr}
is present in molten Zr,Cu remains strongly negative at modest temperatures
(e.g., AGxn(1200°C) = -136.8 kJ/mole) [21,23]. The residual liquid copper
generated upon removal of the zirconium from the Zr,Cu liquid by reaction (1)
can not form stable compounds with ZrC or W. Copper also has minimal effect
on the melting point of tungsten (a decrease of only about 8°C) [24]. Indeed,
copper additions to tungsten have been used for transpiration cooling and to
enhance the thermal conductivity, ductility, and toughness of W-based
components used in rocket nozzles and combustion chambers [3.4,25].
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The phases generated upon the infiltration and reaction of the Zr,Cu liquid
into a porous WC preform at 1300°C for 8 h are shown in the XRD pattern in Fig.
ta. The presence of diffraction peaks for W and ZrC, and the absence of peaks
for WC, Zr,Cu, or other Zr-Cu compounds (e.g., CuioZrs, CusiZris, CugZrs,
CusZr, CuZr) are consistent with complete consumption of the WC in the starting
preform. Secondary and backscattered electron images of a polished cross-
section of such a specimen are shown in Figs. 2a-c. The secondary electron
image reveals a dense microstructure with a small amount of isolated, fine pores.
The backscattered electron images reveal two major phases (i.e., bright particles
and a grey matrix phase) and a minor phase (i.e., a relatively bright phase
outlining some of grey grains in the matrix; see Fig. 2c). Energy dispersive x-ray
(EDX) analyses indicated that the relatively bright particles are comprised of
tungsten, whereas the grey matrix phase is zirconium carbide (i.e., the major
phases seen in Figs. 2b and 2c are consistent with the XRD pattern in Fig. 1a).
The x-ray map shown in Fig. 2d indicates that the minor phase surrounding some
of the ZrC grains is Cu-rich. This phase possessed a tan color in an optical
microscope, which was consistent with copper. Image analyses of the
backscattered electron images indicated that this specimen was comprised of 45.1
vol% zirconium carbide, 45.9 vol% tungsten, and 9.0 vol% copper. The absence
of diffraction peaks for copper phase in the XRD pattern of Fig. 1a is likely to be
due to the relatively small amount of this phase in the specimen.

The WC preform for the specimen shown in Fig. 2 possessed a density of 7.58
g/em®, which corresponds to a porosity of 51.6% (the theoretical density of WC is
15.67 g/cm’) [8]. The volume change associated with the complete conversion of
WC into a solid mixture of ZrC and W is +101% (i.e., the solid volume nearly
doubles) [8]. Hence, the total pore volume within this preform was sufficient to
accommodate the volume increase resulting from complete consumption of the
WC by reaction (1). Prior work at OSU has shown that preforms with less than
50% porosity require times well in excess of 8 h at 1300°C to achieve complete
reaction of the WC [16]; that is, if the pore channels become plugged with new
solid prior to complete consumption of the WC, then an appreciably longer time is
required to complete the reaction. Because the pore volume for the specimen in
Fig. 2 was largely filled by the reaction-formed ZrC and W, most of the excess,
unreacted (Cu-rich) liquid was squeezed back out of the specimen. Residual,
solidified Cu-rich phase trapped within the specimen can be seen in Fig. 2c.
Because the lightly-sintered preform remained rigid during the course of the
reaction, the external dimensions of the specimens remained essentially
unchanged (i.e., the average dimensional changes were less than 1%).

The ZrC content of a fully-reacted, PRIMA-DCP-derived composite should be
proportional to the WC content in the original preform. Hence, in order to vary
the ZrC content, preforms containing a mixture of W and WC were prepared with
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varied W:WC molar ratios (from 0.59 to 5.8). Nickel was also introduced to thege
W-bearing preforms as a sintering aid to reduce the temperature required to obtaip
a rigid (yet porous) preform. An XRD pattern obtained after infiltration apg
reaction of the most tungsten-rich preform for 4 h at 1250°C is shown in Fig, |}
Again, the presence of diffraction peaks for ZrC and W, and the absence of peaks
for WC and Zr-Cu compounds, was consistent with complete consumption of the
WC phase. As expected, the peak height ratio for the most intense W reflection
(at about 20 = 40.3 degrees) to that for the most intense ZrC reflection (at aboyt
20 = 33.1 degrees) is significantly stronger for this specimen than for the
specimen shown in Fig. 1a. Diffraction peaks for nickel were also detected ip
Fig. 1b. Secondary and backscattered electron images of a polished cross-section
of this specimen are shown in Figs. 3a and 3b, respectively. These images reveal
a dense specimen with three distinct phases: relatively large bright particles, finer
dark particles, and a grey matrix phase. EDX analyses indicated that the bright
particles were tungsten (polishing scratches can be seen running across the
relatively soft tungsten grains in the secondary electron image in Fig. 3a). The
fine dark particles and grey phase in Figs. 3a and 3b were too fine to allow for
unambiguous identification by EDX analyses. However, x-ray maps for Zr, Ni,
and Cu (Figs. 3c-¢) reveal that the zirconium content is highest, and the nickel and
copper contents are lowest, in regions where the dark particles are concentrated.
Since the only zirconium-bearing phase detected in the sample by XRD analyses
was ZrC, the fine dark particles are presumed to be ZrC. Comparison of the XRD
pattern in Fig. 1b with the x-ray maps also indicates that the grey matrix phase is
a nickel-nich alloy. Using these phase assignments, image analyses indicated that
this specimen consisted of 60.5 vol% W, 17.2 vol% ZrC, and 22.3 vol% Ni-rich
alloy.

The bulk density of the W/WC-bearing preform used to produce the specimen
in Fig. 3 was 10.41 g/cm’, which corresponds to a relative density of about
59.0%. Because the molar W:WC ratio for this preform was 5.8:1, the complete
consumption of WC in this specimen can be described by the reaction:

{Zr} + 5.8W(s) + WC(s) = ZrC(s) + 6.8W(s) )

The increase in internal solid volume associated with this reaction is about 18.6%;
that is, the preform porosity (41.0 vol%) was well in excess of that required to
accommodate the increase in solid volume due to reaction (2). Upon infiltration,
the nickel added to this preform could dissolve into the Zr,Cu liquid (i.c., the
liquidus temperature for Ni-doped Zr,Cu ranges from 880°C to 1025°C for
compositions with up to 30 at% Ni [26]). Because the reaction-induced volume
increase was much less than required to fill the prior pore volume in this preform,
the unreacted components of the liquid (nickel and copper) could not have been
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completely extruded back out of the specimen upon completion of the reaction.

Hence, more of this unreacted Ni-bearing metal solidified within this specimen
upon cooling.

CONCLUSIONS .
The feasibility of using the PRIMA.-DCP process to fabricate dense, near net-

shaped W/ZrC-bearing composites with a range of phase contents at 1200-1300°C
has been demonstrated. Porous, rigid WC preforms and W/WC-bearing preforms
were produced by light sintering of powder compacts. Nickel doping was used in
some cases to reduce the temperature for initial stage sintering of the preforms
from 1750°C to 1100°C. The rigid preforms were then pressureless infiltrated
with a Zr,Cu liquid at 1200-1300°C. Upon infiltration, the Zr in the liquid
underwent a displacement reaction with the WC to yield a solid mixture of ZrC
and W. Porous WC preforms were converted into dense composites comprised of
45.1 vol% ZrC, 45.9 vol% W, and 9.0 vol% Cu at 1300°C. Ni-doped, W/WC-
bearing preforms were converted into dense composites comprised of 60.5 vol%
W, 17.2 vol% ZrC, and 22 3 vol% Ni alloy within 4 h at 1250°C. These ZrC-rich
composites retained the shapes and dimensions of the porous WC preforms to
within a few percent. Further work is underway to determine whether such near
net-shaped, ZrC-bearing composites can be fabricated within shorter times (<1 h)

at <1200°C.
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Figure 1. XRD patterns from PRIMA-DCP-derived composites prepared by
reactive infiltration of Zr,Cu(l) into: a) a porous WC preform at 1300°C and b) a
porous, Ni-doped W/WC preform at 1250°C (molar W:WC ratio = 5.8:1).

d)

Figure 2. a) Secondary and b), c) backscattered electron images of a polished
cross-section of a ZrC/W-bearing composite produced by reactive infiltration
of Zr,Cu(l) into a porous WC preform at 1300°C. A Cu x-ray map associated
with the high-contrast image in c) in shown in d).
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: d)

: Figure 3. a) Secondary and b) backscattered electron images of a polished cross-

" section of a W/ZrC-bearing composite produced by the reactive infiltration of
Zr,Cu(l) into a porous, Ni-doped W/WC preform (molar W:WC ratio = 5.8:1) at

1250°C. X-ray maps of W, Zr, and Ni associated with the backscattered electron

~ image in b) are shown in c)-e), respectively.
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RAPID, LOW-TEMPERATURE FABRICATION OF
VERY-HIGH-MELTING ZrC/W-BEARING COMPOSITES
BY THE PRIMA-DCP PROCESS

Matthew B. Dickerson, Robert L. Snyder, and Ken H. Sandhage

Department of Materials Science and Engineering, The Ohio State University
481 Watts Hall, 116 W. 19™ Avenue, Columbus, OH 43210

Abstract

The PRIMA-DCP method is a novel, near net-shape, low-temperature, and rapid alternative
to traditional methods for processing ultra-high-melting carbide/refractory metal composites.
In this paper, the PRIMA-DCP process has been used to produce dense ZrC/W-bearing
composites via the pressureless infiltration and reaction of Zr-Cu liquid with porous WC
preforms. The Zr in the liquid underwent a displacement (oxidation-reduction) reaction with
the WC to yield ZrC and W. The sum of the molar volumes of the reaction products, ZrC and
W, was about twice the molar volume of the reactant, WC. This reaction-induced increase in
internal solid volume was used to quickly fill the pores within the WC preforms at temperatures
(1200-1300°C) well below the melting point of the resulting ZrC/W-bearing composites
(>2620°C). Such in-situ, reaction-induced densification caused the non-reactive, Cu-rich liquid
to be largely squeezed out of the reacting body. Thus, copper acted as an attractive transient
processing agent, by lowering the reactive infiltration temperature (e.g., the melting point of
CuZr, is about 800°C lower than for pure Zr) and subsequently leaving the specimen. The
influence of processing time on the microstructure and phase content of the resulting composite
materials was evaluated.



Introduction

Zirconium-carbide-bearing composites can be attractive for a variety of advanced aerospace
and nuclear applications [1-6]. Such composites, when reinforced with refractory metals or
ceramic platelets, have been shown to possess excellent levels of strength, toughness, and
erosion resistance [1-3]. However, the application of such composites has been severely
hampered by the lack of rapid, low-temperature, and near net-shape fabrication processes.
Such alternative fabrication routes would be strongly preferred to the conventional processing
of these composites, which has relied upon either high temperature (>2000°C) hot pressing
(uniaxial or isostatic) of powder mixtures or the infiltration and reaction of high-melting
zirconium metal with carbide powder beds (e.g., with porous B4C at 1850-2000°C) [1-3].
Alternative processes that can produce dense ZrC/refractory metal composites at much lower
temperatures, at ambient pressure, and with complicated (non-axisymmetric) shapes, while
avoiding the use of extensive, costly diamond machining, are needed.

A novel process for fabricating dense, near net-shaped, carbide/refractory metal composites
at relatively low temperatures (<1300°C), the PRIMA-DCP method’, has recently been
demonstrated {7,8]. This process involves the pressureless infiltration of a low-melting metallic
liquid into, and reaction with, a porous, rigid, ceramic-bearing preform. The metallic liquid
contains an element that can undergo a displacement (oxidation-reduction) reaction with a
carbide, nitride, boride, or oxide phase in the preform [7-9]. Because the displacement reaction
- is chosen to yield a larger volume of solid product(s) than is consumed, the original pore
volume in the preform becomes filled with the new solid(s) during reaction. This increase in
internal solid volume also forces residual metallic liquid back out of the composite body
(“reversible infiltration”). Hence, a dense, refractory composite can be produced that retains
the shape and dimensions of the original preform, and that contains minimal residual infiltrant
metal [7,8].

The objective of the present paper is to demonstrate the feasibility of using the PRIMA-
DCP process to produce dense, near net-shaped, ZrC/W-bearing composites in short times at
low temperatures (i.e., <30 minutes at <1300°C).

Experimental Procedure

ZrC/W/WC-based composites were produced via the infiltration and reaction of Cu-Zr
liquid with porous, bar-shaped WC preforms. Tungsten carbide (99.9% purity, 10 pum average
size: Aldrich Chemical, St. Louis, MO) was mixed in a mortar and pestle with 5 wt% of an
aqueous 4 wt% solution of polyvinyl alcohol (Grade Airvol 205, Air Products and Chemicals,
Inc., Allentown, PA). The preforms were produced in the shape of bars (11 mm length X 9.5
mm width X 2.5 mm thick) by uniaxial pressing of the powder/binder mixtures at a peak stress
of 240 MPa. The binder was then removed by heating at 400°C for 4 hours in flowing Ar. The
preforms were then partially sintered (i.e., to allow for necking between WC particles) under
vacuum for 2 hours at 1700°C.

The porous, rigid WC preforms were infiltrated with a Zr,Cu liquid (T, = 1025°C [10]). A
1 kg ingot of Zr,Cu was produced by induction melting of a copper rod (2.5 cm dia. x 5.9 cm
thick, 99.99% pure, Atomergic Chemetals, Farmingdale, NY) and zirconium sponge (0.8-19
mm dia. pieces, 99.6% pure, Johnson-Matthey, Inc., Ward Hill, MA) within a magnesia
crucible (99.4% pure, 96% dense, Ozark Technical Ceramics, Inc., Webb City, MO). Prior to
melting, the Zr-Cu charge was placed within a silica enclosure that was repeatedly evacuated
and backfilled with Ar. Induction melting/stirring was then conducted with a 60 kV power
supply for 4 minutes. The melt was allowed to cool to room temperature within the silica
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vessel. The composition of the ingot was determined by inductively coupled plasma
spectroscopic analysis (Optima 3000 ICP-OES, Perkin-Elmer Corp., Norwalk, CT) to be 67.5
at% Zr1/32.5 at% Cu (i.e., close to the Zr,Cu composition). XRD analyses of the ingot yielded a
diffraction pattern consistent with the Zr,Cu phase.

Prior to a given reactive infiltration experiment, pieces of the solid Zr,Cu ingot were placed
above a bar-shaped preform inside a magnesia crucible (99.4% pure, 96% dense, Ozark
Technical Ceramics, Inc.). The molar ratio of Zr,Cu:WC used in each experiment was 1.5-
1.6:1, which was in excess of the amount required for complete consumption of the WC. After
purging the tube furnace with flowing gettered Ar (titanium getter, Oxy-gon Industries, Epsom
NH) for 2 hours, the Zr,Cu-covered preforms were heated at 7°C/minute to 1300°C for 0.5 to 8
hours. The specimens were then cooled at 7°C/minute under the flowing argon atmosphere.
The phase content and microstructure of the resulting specimens were evaluated with x-ray
diffraction (XRD) analyses (i.e., using Cu-Ka radiation and a scan rate of 0.5°C/minute) and
scanning electron microscopy (SEM, Model XL-30, Philips Electron Instruments, Eindhoven,
The Netherlands). Microchemical analyses were conducted with a Si/Li detector (EDAX
International, Mahwah, NJ) attached to the electron microscope. Image analyses (Clemex
Vision version 3.0.027 software, Langueuil, Quebec, Canada) of backscattered electron images
were also conducted to determine the phase contents of reacted composites.

Results and Discussion

The formation of ZrC/W-bearing composites by the PRIMA-DCP process can occur by the
following displacement reaction between zirconium dissolved in the Zr-Cu melt, {Zr}, and

solid tungsten carbide:
{Zr} + WC(s) = ZrC(s) + W(s) €))

The Gibbs free energy change of reaction (1) for the case where {Zr} is present in molten
Zr,Cu is strongly negative at modest temperatures (e.g., AGx,(1200°C) = -136.8 kJ/mole)
[11,12]). The solid products of this reaction, ZrC and W, possess a combined volume that is
101% larger than the molar volume of the WC reactant [13]. As discussed above, such a
reaction-induced increase in internal solid volume results in pore filling and extrusion of the
Cu-enriched liquid back out of the specimen. Hence, copper acts as a low-temperature, fugitive
solvent for zirconium. Furthermore, any residual solid copper left in the composite can not
form stable compounds with ZrC or W and has minimal effect on the melting point of tungsten
(i.e., a decrease of only about 8°C) [14].

Although previous studies [7,8] have focused on reaction times up to 8 hours, the PRIMA-
DCP process is sufficiently rapid as to yield dense microstructures in substantially less time.
The microstructure of a composite specimen produced in the present work by reaction for 30
minutes is shown in Fig. 1. This composite contained residual tungsten carbide particles coated
with layers of reaction-formed tungsten. The coated particles were embedded within a matrix
comprised of zirconium carbide. Isolated pockets of a minor copper-rich phase were also
occasionally observed (not seen in Fig. 1). Image analyses indicated that this composite was
comprised of 17.842.7 vol% W, 40.4+7.3 vol% WC, and 41.8+5.1 vol% of the ZrC-rich matrix.
The progress of the displacement reaction (1) as a function of time at 1300°C was tracked by
measuring the volume fraction of the reaction products (tungsten and zirconium carbide) by
XRD (Fig. 2). No clear trend was observed in the amounts of ZrC and W produced with an
increase in reaction time from 0.5 to 8 hours. In other words, the quantity of reaction products
formed within 30 minutes was similar to that formed after 8 hours at 1300°C. For all reaction
times, diffraction peaks from Cu-Zr compounds (CuZr,, Cu;oZry, CusiZry4, CusZr [10]) were




Figure 1: Backscattered electron image of a polished cross-section of a composite
produced by the reactive infiltration of CuZr,(l) into porous WC(s) at
1300°C for 30 minutes.
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Figure 2: X-ray diffraction powder patterns of samples after reaction at 1300°C for 0.5 to
8 hours.
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- absent in Fig. 2, whereas the major (111) diffraction peak for pure copper (which has negligible
solid solubility of zirconium [10]) was present. This indicated that the available internal supply
of zirconium was quickly exhausted after infiltration. This observation corresponds well with
thermodynamic calculations, which predict that a WC preform infiltrated with a Zr-Cu liquid
should spontaneously react at 1300°C to form ZrC and W until only about 0.092 at% Zr
remains within the Zr-Cu melt [11,12].

The rapid consumption of Zr within the specimens at 1300°C occurred as the pores became
filled with more voluminous ZrC and W. There is an approximate doubling of solid volume
associated with the complete conversion of WC into a solid mixture of ZrC and W. (i.e., the
volume change is +101%) [13]. Consequently, rigid WC preforms need to possess porosities of
>50.2% in order for complete WC consumption to occur prior to or just at the point of complete
pore filling. However, the WC preforms in the present work possessed densities of 8.76-9.22
g/cm’, which corresponded to porosities of only 44.1-41.2 vol% (the theoretical density of WC
is 15.67 g/cm®) [13]. Hence, the pores within these WC preforms became sealed prior to
complete consumption of the WC by reaction (1). The limited amount of zirconium present
within the remaining liquid in the specimen was quickly consumed (i.e., within 30 minutes at
1300°C). Because such pore sealing inhibited further long range migration of zirconium from
the bulk liquid into the specimen, the phase content and microstructure of the composite
specimens remained largely unchanged for times of 0.5 to 8 hours. In other words, the phase
content of the PRIMA-DCP-derived composites was relatively insensitive to reaction time, for
times longer than 0.5 hours.

The infiltration and reaction-induced densification of WC preforms in times as short as 12
minutes at 1200°C has also recently been achieved. Image analysis of this sample yielded a
phase content that was similar to that for specimens held at 1300°C for >30 minutes. The
dimensional and volume changes associated with the reaction of this sample were 1.12% and
2.27%, respectively. The average dimensional and volume changes of the 1300°C series of
samples were 1.45% and 4.18%, respectively. Hence, the near net-shape feature of the
PRIMA-DCP process was observed over a range of reaction times at 1200-1300°C. Such
reaction temperatures are well below the solidus temperatures of ZrC/WC/W composites
(>2620°C) [15]. These results demonstrate that dense, near net-shaped, carbide/refractory
metal composites can be produced by the PRIMA-DCP method in relatively short periods of
time at modest temperatures (i.e., within 30 minutes at 1200-1300°C).

Conclusions

The feasibility of using the PRIMA-DCP process to fabricate dense, near net-shaped
carbide/refractory metal composites at modest temperatures and in short times has been
demonstrated. Molten Zr,Cu infiltrated and underwent a displacement reaction with porous
WC preforms at 1200-1300°C and ambient pressure to yield dense ZrC/WC/W-based
composites within 30 minutes. The zirconium available for reaction within the infiltrated
specimens was quickly consumed as the WC was replaced with more voluminous ZrC and W
(1.e., as the prior pores became filled with new solid). The reaction-induced filling of pores
served to block the influx of additional reactant. Consequently, the phase contents and
microstructures of samples reacted at 1300°C for 30 minutes were similar to those of samples
reacted for up to 8 hours. The near net-shape aspect of the PRIMA-DCP process, which
alleviates the need for final machining, was realized for short and long reaction times (e.g., the
dimensional and volume changes after reaction for 12 minutes at 1200°C were only 1.12% and
2.27%, respectively). Further work is currently underway to determine whether such near net-
shaped, ZrC/W-bearing composites can be rapidly fabricated at temperatures below 1200°C.
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LOW-TEMPERATURE REACTION CASTING OF DENSE,
NEAR NET-SHAPED CARBIDE/REFRAC-TORY METAL COM-
POSITES WITH TAILORED PHASE CONTENTS

M. B. Dickerson and K. H. Sandhage

Department of Materials Science and Engineering 481 Watts Hall, 2041 College Road
The Ohio State University

Columbus, OH 43210 USA
Abstract:

High-melting metal/carbide composites can exhibit attractive combinations of properties for aerospace and other applica-
tions (e.g., erosion and creep resistance coupled with relatively high strength and toughness). In this paper, the feasibility of
synthesizing dense, near net-shaped, refractory W/ZrC-bearing composites with tailored phase contents at modest tempera-
tures is demonstrated through the use of a novel reaction casting process: the PRIMA-DCP method. Rigid preforms of
porous WC, or porous mixtures of WC with W, were infiltrated with a Zr-Cu liquid at 1200-1300°C and at ambient pressure.
A displacement reaction occurred between Zr in the liquid and WC in the preform to generate ZrC and W. Because the
volume of the solid ZrC/W product mixture was nearly twice the volume of WC, these solid products filled the pores in the
rigid preform. Such pore filling caused the excess, unreacted liquid to be expelled from the preform, so that a dense,
refractory composite was produced. Because the preform remained rigid during such reactive infiltration, the final composite
retained the shape and dimensions (to within 1%) of the starting preform (i.e., near net-shape processing). By varying the
W:WC ratio of the preforms, composites with varied and controlled amounts of ZrC and W were fabricated.

Keywords: PRIMA-DCP, Reaction Casting, Zirconium Carbide, Tungsten, Carbide/Metal Composites

Resumen:

Los compuestos del metal/carburo de alto punto de fusién pueden exhibir combinaciones atractivas de propiedades para las
aplicaciones aerospaciales y otras (por ejemplo, erosién y resistencia al creep en conjunto con una resistencia y tenacidad
relativamente altas). En este articulo, se demuestra la viabilidad de un sinterizado denso, cercano a la forma final, de
compuestos de rodamientos de refractarios de W/ZrC- con volimenes de fase ajustados y a temperatura relativamente bajas a
través del uso de un nuevo proceso fundicién reactiva: el método de PRIMA-DCP. Preformas rigidas de WC poroso, o mezclas
porosas de WC con W, se infiltraron con Zr-Cu liquido a temperaturas de 1200-1300°C y presi6n ambiente. Una reaccién del
desplazamiento ocurri6 entre el Zr liquido y WC en Ia preforma para generar ZrC y W. Debido a que el volumen del ZrC/W
sOlido era casi dos veces el volumen de WC, estos productos sélidos rellenaron los poros de la preforma ri gida. Ese llenado de
poros caus6 que el exceso, de liquido sin reaccionar fuera rechazado de la preforma, formando un compuesto refractario
denso. Porque la preforma permanece rigida durante la infiltracién reactiva, el compuesto final retuvo la forma y dimensiones
( dentro de un 1%) de la preforma de arranque (por ejemplo, proceso cercano a la forma final). Variando la proporcién de
W:WC de la preforma, se fabricaron compuestos con variada y controladas cantidades de ZrC y W.

Palabras Clave: PRIMA-DCP, Fundicién Reactiva, Carburo de Zirconia, Carburo de Tungsteno, Compuestos Carburo/
Mezral




M. B. Dickerson and K. H. Sandhage /Revista Latinoamericana de Metalurgia y Materiales

1. Introduction

Refractory metals (W, Re, Ta, Mo, Nb) and their alloys
can exhibit exceptional properties at elevated temperatures
(e.g., high modulus and strength, low vapor pressure, good
creep resistance) [1]. As a result, refractory metals have
been used, or are being considered for use, in a variety of
high-temperature applications (e.g., solid-fuel rocket
nozzles, leading edges and nose caps for re-entry vehicles,
crucibles, hot gas valves, heating elements, susceptors, heat
shields) [1-5]. However, refractory metals tend to be rela-
tively heavy and, in some cases, can be relatively difficult
to form in complex shapes at low cost. Lower weight com-
posites of refractory metals with high-melting ceramics, that
can be fabricated into dense, near net shapes at low tem-
peratures, would be particularly attractive for advanced aero-
space applications.

Tungsten is the highest melting (3410+20°C) refrac-
tory metal and also one of the heaviest (p[W]=19.3 glem?)
[1,3,4,6]. Transition metal carbides tend to be much Lighter
than tungsten and are among the highest melting ceramic
compounds {6-8]. Composites of tungsten with refractory
carbides can exhibit an attractive combination of chemical,
thermal, and mechanical properties. Consider, for example,
composites of zirconium carbide and tungsten. ZrC is a
hard (up to 2900 kg/mm?), high-melting (up to 3420°C)
compound that possesses one-third of the density of tung-
sten (p[ZrC] = 6.63 g/cm’) [6-8]. Composites of tungsten
and zirconium carbide are chemically stable at high tem-
peratures; that is, these phases exhibit low mutual solid
solubility and do not react to form other compounds [9].
ZrC/W composites should be resistant to internal stress
buildup and cracking due to thermal cycling (unlike most
ceramic/metal composites), since ZrC and W possess simi-
lar thermal expansion coefficients and are both good ther-
mal conductors' [1,3,4,10-13]. ZrC/W composites should
also exhibit excellent creep resistance at =2000°C, where
tungsten and its alloys undergo recrystallization [3-5,7,14].
The ductility of tungsten above 400°C (i.e., above the brittle-
to-ductile transformation temperature [1,4]) can endow such
composites with resistance to fracture. Indeed, hot-pressed
composites comprised of 80 vol% W/20 vol% ZrC have
exhibited flexure strengths of 979 MPa at 1200°C [15].

Although dense W/ZrC composites can be produced by
hot pressing at =2000°C, such batch processing is relatively
slow and expensive [15]. A costly machining operation
must also be conducted to convert the hot-pressed compos-
ites into components with more complicated (non-

axisymmetric) shapes. An attractive,

1 Average linear coefficients of thermal expansion from 25°C to 2700°C range
from 4.5X10%/°C 10 9.2X10%/°C for W and 4.0X10°%/°C t0 10.2X10%/°C for
ZrC {12,13]. W and ZrC possess thermal conduc-tivities of 105£10 W/m-K
and 40+10 W/m-K, respectively, from 1000-2200°C [3,4,10,11].

alternate route to dense, near net-shaped ceramic/metal com-
posites that avoids the use of high applied pressures or tem-
peratures has recently been developed at The Ohio State
University: the PRIMA-DCP method (Pressureless Re-
versible Infiltration of Molten Alloys by the Displacive
Compensation of Porosity) [16-19]. In this process, a low-
melting metallic liquid is allowed to wet and infiltrate into
a porous, shaped, rigid ceramic preform at ambient pres-
sure. Upon infiltration, the liquid undergoes a displace-
ment reaction with the preform to yield new ceramic and
metal phases. A unique feature of this process, relative to
other reactive infiltration routes (e.g., the infiltration-alu-
mina-aluminide-alloy process; reactive metal penetration
[20-22]), is the increase in ceramic volume that occurs upon
reaction. With the PRIMA-DCP method, the ceramic prod-
uct possesses a larger volume than the ceramic reactant.
As the displacement reaction proceeds, the prior pore vol-
ume becomes filled with new solid (“displacive compensa-
tion of porosity”). The excess metallic liquid in the pre-
form is gradually squeezed back out into the surrounding
bath (“reversible infiltration”) until a dense, refractory com-
posite is produced. By lightly sintering the preform prior
to reactive infiltration, necks can be built up between the
reactant particles to endow the preform with sufficient ri-
gidity as to avoid distortion or cracking during infiltration.
The specimen then remains rigid as the internal reactant
network is replaced by a more volumi-nous internal net-
work of solid product(s). Dense, fully-reacted composites
can thereby be produced with a reten-tion of the shapes and
external dimensions of the starting preforms.

To date, a variety of dense, near net-shaped compos-
ites have been synthesized at modest temperatures (1000-
1300°C) by the PRIMA-DCP process, including MgO/Mg-
Al alloy composites (lightweight, hydration-resistant, elec-
trically-insulating composites with MgO contents in excess
of 83 vol%), MgALO, /Fe-Ni-Al alloy composites (tough,
creep-resistant composites reinforced with a co-continuous,
heat-resistant alloy), and ZrC/WC/W composites (highly
refractory, creep-resistant composites) [16-19]. The pur-
pose of the present paper is to demonstrate that the PRIMA-
DCP method can be tailored to produce carbide/refractory
metal composites with a wide range of phase contents (<20

vol% to >70 vol% carbide).

2. Experimental Procedures

ZrC/W-bearing composites were produced by the reac-
tive casting of a Zr,Cu liquid into porous, WC-bearing pre-
forms at 1200-1300°C and at ambient pressure. The phase
content of the fully-reacted composites was tailored by ad-
justing the phase content of the preforms. That is, ZrC-
rich composites were produced by starting with preforms
containing only WC, whereas W-rich composites were gen-
erated from preforms containing a mixture of inert W and
WC. For the latter preforms, the molar W/WC ratio was
varied
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from 0.59 to 5.8. Bar and disk-shaped preforms were
produced by uniaxial powder pressing. The starting W and
WC powders' ? possessed purities of >99.9% and particle
sizes of <12 pm and <10 pm, respectively. For some of the
W-rich preforms, 5-10 wt% of Ni powder? (=3.0 um, 99.9%
purity) was added as a sintering aid [23]. After blending
with 5-10 wi% of an aqueous polyvinyl alcohol solution?,
the mixtures were pressed into bars (0.25 cm X 1.1 ecm X
1.1 cm) and disks (1.3 cm dia., X 3.5 mm thick) at peak
stresses of 34-48 MPa. The polyvinyl alcohol binder was
removed by heating the preforms to 400°C for 4 h in flow-
ing argon. Annealing was then conducted for either 2 h at
1750°C (for preforms without nickel) or 0.5 h at 1100°C
(for nickel-bearing, tungsten-rich preforms) in flowing Ar
to produce rigid preforms with relative densities of 50-60%.
The low-melting intermetallic compound, Zr,Cu, was
used as the reactive infiltrant [24]. A Zr,Cu ingot was pre-
pared by vacuum induction melting of a copper rod (99.9%
purity) and zirconium sponge (99.6% purity) within a mag-
nesia crucible. The ingot composition and phase purity
were confirmed by inductively-coupled plasma spectroscopy
and x-ray diffraction analysis. Prior to reaction casting,
solid pieces of the Zr,Cu ingot were placed in contact with
the porous, WC-bearing preform inside a magnesia cru-
cible. The Zr,Cu/preform assembly was then heated in a
flowing argon atmosphere to 1200-1300°C for 1-8 h. After
cooling to room temperature, the phase content, microstruc-
ture, and macro-structure (shape, dimensions) of the re-
sulting composites’ were evaluated with x-ray diffraction
analyses (using Cu-Ko radiation and a scan rate of 0.5°C/
min), scanning electron microscopy*, and optical micros-
copy. For microscopic analyses, specimens were cross-sec-
tioned with a diamond wafering saw and then polished with
a series of SiC-embedded papers.

3. Results and Discussion

Owing to its relatively high affinity for carbon, pure
molten zirconium will undergo the following displace-ment
reaction with solid tungsten:

Zr(l) + WC(s) = ZrC(s) + W(s) (1)

Indeed, the Gibbs free energy change per mole of this reac-
tion at 1900°C is -144.8 kJ/mole [25]. This reaction is also
strongly favored for zirconium-bearing liquids at tempera-
tures well below the melting point of pure zirconium
(1852+2°C [26]).

'Johnson Matthey, Ward Hill, MA

2Aldrich Chemical Co., St. Louis, MO

3Air Products and Chemicals, Inc., Allentown, PA

“Model XL-30 FEG-SEM, Philips Electron Instruments, Eindhoven, The

Netherlands
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For example, the standard Gibbs free energy change for the
reaction

{Zr} + WC(s) = ZrC(s) + W(s) (2)

at 1200°C is —149.5 kJ/mole (where {Zr} refers to Zr dis-
solved in a liquid metal solution and where a pure liquid Zr
reference state and pure solid WC, ZrC, and W reference
states are assumed) [25]. The activity of zirconium dis-
solved within a liquid metal solution would need to drop
below 5.0X10°¢ in order for reaction (2) to be avoided at
1200°C. Hence, it is likely that Zr-rich liquids will un-
dergo displacement reactions with WC at fempera-tures well
below the melting point of pure Zr. In order to allow for
pressureless reaction casting into porous WC preforms, a
Zr-bearing liquid must wet WC. Upon reaction, the Zr-
depleted liquid should also exhibit minimal reaction with
the solid W product (e.g., to avoid the formation of low-
melting W compounds or alloys). The Zr,Cu liquid used in
the present work satisfied these conditions. Zr,Cu melts
congruently at only 1025°C (i.e., far below the melting point
of pure zirconium [24]). At =1100°C, Zr,Cu(l) was ob-
served to wet and quickly infiltrate into porous WC-bear-
ing preforms. The zirconium in this liquid can undergo
the following net reaction with solid tungsten carbide at
=1200°C:

0.5{Zr,Cu} + WC(s) = ZrC(s) + W(s) + 0.5{Cu} (3)

where {Cu} refers to Cu-rich liquid (note: the peak liquidus
temperature for Cu-Zr compositions with >33.3 at% Cu is
1115°C [24]). Molten copper does not form stable com-
pounds with ZrC or W and has negligible solubility in ei-
ther phase (indeed, the melting point of W is lowered by
only 8°C in the presence of Cu [27]).

Secondary and backscattered electron images, and
associated x-ray maps, of a polished cross-section of a com-
posite produced by the reactive infiltration of molten Zr,Cu
with a porous WC preform at 1300°C are shown in Figs.
la-f. Similar microstructures were obtained for reaction
times of 1-8 h at this temperature. The resulting composite
was quite dense, with only a few isolated, fine pores de-
tected in the secondary electron images. The composite
consisted of two major phases: a bright particulate phase
and a grey matrix phase. The x-ray maps indicate that the
bright phase in Fig. 1b was enriched in tungsten, whereas
the dark phase was enriched in zirconium and carbon. Com-
parison of these x-ray maps with x-ray diffraction (XRD,
Fig. 2a) and energy dispersive x-ray (EDX) analyses of this
specimen confirmed that the dark and bright phases were
ZrC and W, respectively. The presence of polishing
scratches running through the bright W phase, and the ab-
sence of such scratches in the dark ZrC phase, were also
consistent with the known difference in hardness between
ZrC and W [1,4,6,7].
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High-contrast backscattered electron images also revealed
a fine minor phase (not seen in Fig. 1). Although this phase
was too fine to allow for unambi-guous identification by
EDX analysis (due to beam overlap with neighboring
phases), such analysis did indicate that this phase was Cu-
rich. Under an optical microscope, this phase possessed a
tan color which was consistent with copper. Image analy-
ses of several cross-sections indicated that this composite
was comprised of 45.1 vol% zirconium carbide, 45.9 vol%
tungsten, and 9.0 vol% copper. (Note: the absence of dis-
tinct diffraction peaks for a Cu-rich phase in Fig. 2a is likely
to be due to the small amount and relatively poor x-ray
scattering of this phase compared to W or ZrC.)

()

The absence of diffraction peaks for WC, ZrzCu, and
Zr-Cu-bearing phases in Fig. 2a indicated that the displace-
ment reaction (3) had gone essentially completion in this
sample. The presence of polishing scratches running com-
pletely through the W particles also confirmed that the WC
had been completely consumed. The absence of diffraction
peaks for Cu or Cu-bearing phases revealed that the mol-
ten Cu-rich liquid product of reaction (3) had been largely
extruded from the specimen at 1300°C. This was not sur-
prising, given the change in solid volume asscciated with
the displacement reaction. The solid products of reaction
(3), ZrC + W, possess a combined volume that is close to

twice (100.8%) the volume of the solid reactant, WC.

©)

Fig. 1. a) Secondary electron image, and b) backscattered electron image with associated x-ray maps for c) W, d) Zr, and ¢) C obtained
from a polished cross-section of a ZrC/W composite produced by the reaction casting of Zr,Cu(l) into a porous WC preform at 1300°C.

Hence, a rigid, pure WC preform must possess at least
50.2% porosity in order to accommodate this increase in
internal solid volume without a change in external dimen-
sions. Because the preform used to generate the composite
shown in Fig. 1 possessed a relative porosity of 51.6%, the
near doubling of internal solid volume associated with re-
action (3) caused the prior pore volume to become largely
filled with ZrC and W (reaction-induced densification) so
that only a small amount of residual Cu-rich liquid was
retained in the specimen. Furthermore, because the speci-
men remained rigid as the WC network in the starting pre-
form was replaced by a more voluminous ZrC+W network,

the final composite retained the shape and dimensions of
the starting preform. Dimensional measurements of bar
and disk-shaped specimens before and after reaction cast-
ing yielded average dimensional changes of less than 1%.
The carbide-to-metal ratio in the final composite can be
modified by altering the preform porosity and/or the pre-
form phase content. Prior work has demonstrated that rigid,
pure WC reforms with less than 50% porosity can be con-
verted into dense, near net-shaped ZrC/WC/W composites
with a total carbide (ZrC + WC) content in excess of 70

vol% (i.e., a carbide-to-metal ratio in excess of 2.3:1) [17].
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Fig. 2. XRD patterns of ZrC/W-bearing composites produced by
the reaction casting of Zr,Cu(l) into: a) a porous WC preform at
1300°C and b) a porous, Ni-doped W/WC preform at 1250°C.

In this case, the preform pore volume was filled prior to
complete consumption of the WC. In order to produce fully-
reacted, tungsten-rich composites, some of the WC in the
preform can be replaced with inert W, as indicated by the
following reaction:

0.5{Zr,Cu} + WC(s) + xW(s) = ZrC(s) + (1+x)W(s)
+ 0.5{Cu} 4)

In the present work, preforms were prepared with a
W:WC molar ratio as high as 5.8. A small amount of nickel
(5-10 wt%) was also added to such tungsten-rich preforms
to reduce the sintering temperature required for producing
a rigid preform [23].

Secondary and backscattered electron images of a com-
posite generated by the reaction casting of molten Zr,Cu
into a W-rich preform (W:WC = 5.8) at 1250°C are shown
in Figs. 3 and 4. Three distinct phases can be observed in
this dense composite: relatively large bright particles, finer
dark particles, and a grey matrix phase. EDX analyses
revealed that the bright particles were comprised of only
tungsten. Although the fine dark particles and the grey
matrix phase were too fine to allow for precise chemical
evaluation by EDX analyses, the x-ray maps in Fig. 4 indi-
cated that regions with a high density of dark particles were
enriched in zirconium whereas the grey matrix was enriched
in copper and nickel. XRD analysis of this composite (Fig.
2b) revealed diffraction peaks for W, ZrC, and a Ni-rich
phase, which suggested that the dark particles seen in Fig.
3b were comprised of ZrC and the lighter grey matrix was
comprised of a Ni-Cu alloy. This phase assignment was
also consistent with the relative brightnesses of these phases
seen in the backscattered electron (BSE) images of Figs. 3b
and 4a, and with the relative hardnesses of thesephases as
indicated by scratch patterns in the secondary electron (SE)

image of Fig. 3a. ZrC possesses a lower average atomic
number than Ni-Cu alloys and, hence, appears darker in
BSE images.

(b)

Fig. 3. a) Secondary electron image and b) backscattered electron
image of a polished cross-section of a W/WC/Ni-Cu alloy com-
posite produced by the reaction casting of Zr,Cu(l) into a porous

Ni-doped W/WC preform at 1250°C.

The observation of polishing scratches running across
the bright W particles and the grey Ni-Cu matrix, but not
across the darker ZrC particles, was also consistent with
the considerably higher hardness of ZrC relative to W or
Ni-Cu alloys [1, 4, 6, 7].

The absence of diffraction peaks for WC and Zr,Cu in
Fig. 2b indicated that these reactants were completely con-
sumed within 4 h at 1250°C to produce the composite shown
in Figs. 3 and 4. As expected, the relative intensities of the
diffraction peaks for W, compared to those for ZrC, were
higher for the composite derived from the W/WC preform
(Fig. 2b) than for the composite derived from a pure WC

preform (Fig. 2a). Image analyses of several polished cross-

sections indicated that the dense specimen of Figs. 3 and 4
was comprised of 60.5 vol% W, 17.2 vol% ZrC, and 22.3
vol% Ni-Cu alloy. The change in solid volume upon con-
verting a mixture of 1 mole of WC + 5.8 moles of W into a
mixture of 1 mole of ZrC + 6.8 moles of W (i.e. for reaction

(4) where x = 5.8) was only 18.6%.
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Fig. 4. a) Backscattered electron image and associated x-ray maps for b) Zr, ¢) Cu, and d) Ni obtained from a polished cross-section of
a W/ZrC/Ni-Cu alloy composite produced by the reaction casting of Zr,Cu(l) into a porous Ni-doped W/WC preform at 1250°C.

Because the relative porosity of the W/WC-bearing pre-
form used to produce this composite was 44.0%, the avail-
able pore volume was well beyond that needed to accom-
modate the reaction-induced increase in internal solid vol-
ume. Consequently, an appreciable amount of residual Cu(l)
was retained within the specimen. This molten copper re-
acted with the nickel to produce the grey Ni-Cu alloy phase
seen in Fig. 3. It is interesting to note that many of the
bright W particles and dark ZrC particles seen in Figs. 3
and 4 possessed flat surfaces. Such faceted grains are likely
to have formed so as to minimize solid/liquid interfacial
energies at 1250°C.

4. Conclusions

Shaped, carbide-bearing preforms with controlled pore
and phase contents can be converted at modest tempera-
tures (1200-1300°C) and ambient pressure into dense, near
net-shaped, refractory metal/carbide-bearing composites
with a wide range of phase contents by the PRIMA-DCP
process. A Zr-Cu liquid, formed by the congruent melting
of Zr,Cu at 1025°C, was reaction cast into WC and W/WC-
bearing preforms at 1200-1300°C. Upon infiltration, the
Zr in the metallic liquid underwent a displacement (oxida-
tion-reduction) reaction with the solid WC in the preforms
to yield the solid products, ZrC and W. Because these solid
products possessed a combined volume that was nearly twice

the volume of the consumed WC, this reaction could be
used to fill the pores within rigid, WC-bearing preforms.
The reaction casting of Zr,Cu(l) into a WC preform with a
relative porosity of 51.8% yielded a dense composite com-
prised of 45.1 vol% ZrC, 45.9 vol% W, and 9.0 vol% Cu.
Because the specimen remained rigid during the course of
such reactive infiltration, the final dense composite retained
the shape and dimensions (to within 1%) of the starting
porous preform. Composites with reduced carbide contents
were fabricated by replacing some of the WC in the pre-
form with inert metallic W. A dense composite comprised
of 60.5 vol% W, 17.2 vol% ZrC, and 22.3 vol% Ni-Cu alloy
was prociced within 4 h at 1250°C by the reaction casting
of Zr,Cu(}) into a porous, Ni-doped preform with a W:WC
ratio of 5.8:1.
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Streszczenie: W pracy przedstawiono nowa generacj¢ materialow kompozytowych wytwarzanych metoda PRIMA-DCP
(Pressureless Reversible Infiltration of Molten Alloys by the Displacive Compensation of Porosity). Metoda ta,
umozliwiajac uzyskanie kompozytdow 0 skomplikowanych ksztaltach z weglikow metali zaroodpornych w stosunkowo
niskich temperaturach (1373 - 1573 K) i krotkim okresie czasu (1 - 2 h), stanowi dobrg alternatywe dla dotychczas
stosowanych procesow klasycznych. Poszczegélne etapy produkcji kompozytow metoda PRIMA-DCP omowione zostaly
na przykladzie wytwarzania kompozytow W-ZrC, przeznaczonych do zastosowan w niezwykle wysokich temperaturach
(2773 K) i agresywnych érodowiskach, np. w silnikach odrzutowych i rakietowych jako dysze, zawory 1 elementy komory

spalan.

New generation of composite materials fabricated by PRIMA-DCP method

Abstract: In the present paper the new generation of composite materials fabricated by PRIMA-DCP method (Pressureless
Reversible Infiltration of Molten Alloys by the Displacive Compensation of Porosity) is demonstrated. The PRIMA-DCP
method enabling the fabrication of composites with relatively complicated shapes from the refractory carbides at modest
temperatures (1373 - 1573 K) within short period of time (1 -2 h),isa good alternative for used up to now other classical
processes. The feasibility of using the PRIMA-DCP process have been demonstrated on the example of W-ZrC bearing
composites, which are attractive materials to use at high temperature and aggressive environments, €.g. in jet and rocket
engines, as a nozzles, liners and other aerospace components.

1. Wstep

Niezwykle szybki rozwdj wszystkich praktycznie galezi nowoczesnej techniki oraz pojawianie si¢ nowych dziedzin
technologii, stwarza coraz wyzsze wymagania stosowanym materialom konstrukcyjnym, zwlaszcza w odniesieniu do ich
wlasnoéci zarowytrzymatych i zaroodpornych. Dotyczy to przede wszystkim przemystu lotniczego, motoryzacyjnego,
chemicznego i maszynowego. Wzrost wydajnosci oraz sprawnosci okreslonych urzadzen i maszyn wymaga bowiem z reguly
podwyzszania temperatury, ciénienia i szybkosci przepltywu gazow i par, co W konsekwencji oznacza gwattowny wzrost
zagrozenia materiatu konstrukcyjnego zniszczeniem {1, 2]. Szczegblnie trudne warunki pracy materialow konstrukcyjnych
wystepuja w najnowszych silnikach rakietowych i odrzutowych oraz w przemysle motoryzacyjnym [3] - [5]. Poniewaz
materialy te pracuja réwnoczesnie pod obciazeniem (dysze i zawory silnikéw rakietowych i odrzutowych, topatki turbin,
instalacje wysokocisnieniowe), musza one oprécz wysokiej zaroodpornosci posiadac takze odpowiednie wiasnosci
zarowytrzymate. W tym zakresie nowoczesna metalurgia posiada znaczne osiagniecia, w obregbie ktérych jednym ze
szczytowych sukcesow s materialy kompozytowe zbudowane z metali zaroodpornych i ich weglikow (3], [6].

Materiaty kompozytowe, w skiad ktorych wchodzg czyste metale zaroodporne lub zwiazki miedzymetaliczne oraz wegliki,
charakteryzuja si¢ unikalnymi i niezwykle atrakcyjnymi wlasno$ciami mechanicznymi i termicznymi {3] - [6]. Tego typu
kompozyty w poréwnaniu z litymi metalami czy zwiazkami miedzymetalicznymi posiadaja na ogot wigksza twardos¢,
sztywno$¢, odporno$¢ na $cieranie i pelzanie (szczegdlnie w podwyzszonych temperaturach). Z drugiej natomiast strony
wykazuja wysoka, charakterystyczna dla materialéw ceramicznych, wytrzymalo$é na pekanie i odporno$¢ na szoki
termiczne. Dodatkowa zaleta jest ich niski cigzar wlasciwy, przez co sa szczegdlnie atrakcyjnymi materiatami dla przemystu
lotniczego. Materiaty kompozytowe zawierajace w swym skiadzie fazg ceramiczna byly do tej pory produkowane przy
uzyciu technik odlewniczych. Otrzymywano je mianowicie dzieki odlewaniu pétstalej mieszaniny metali i rozdrobnionego
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materiatu ceramicznego do kokili [7], lub dzigki odlewaniu stopionego metalu na zawierajaca materiat ceramiczny porowata
pastylke [8-10]. Niestety, metody te ze wzgledu na znaczny stopien komplikacji procesu i koszt zwiazany z odlewaniem
metali zaroodpornych nie sa zbyt atrakcyjne w przypadku wytwarzania na masowa skalg kompozytéw, wykonanych z metali
i weglikéw o wysokiej temperaturze topnienia. Metody te nie nadaja sie rowniez do produkcji kompozytéw o duzej
zawartosci fazy ceramicznej. Nalezy takze podkresli¢, ze wady z jakimi produkowane s3 kompozyty przy uzyciu
wymienionych metod odlewania, takie jak znieksztalcenia ksztattow i wymiaréw, pociagaja za soba stosowanie precyzyjnej
i kosztownej obrobki mechanicznej w celu odpowiedniego wykoficzenia powierzchni wytwarzanych elementow.
Kompozyty zbudowane z metali zaroodpornych i ich weglikéw mozna otrzyma¢ réwniez przez spiekanie w wysokich
temperaturach (T > 2273 K) i pod wysokim ciénieniem pastylek wykonanych ze sprasowanych materiatléw wyjsciowych
[11]. Niemniej jednak duze trudnosci techniczne oraz wysokie koszty, na jakie napotyka sig przy produkcji wymienionymi
metodami kompozytéw zawierajacych w swym skladzie wegliki metali zaroodpornych, powoduj akonieczno$¢ opracowania
i wdrozenia nowego procesu ich produkcji. Takim procesem wydaje si¢ by¢ metoda PRIMA-DCP (Pressureless Reversible
Infiltration of Molten Alloys by the Displacive Compensation of Porosity), opracowana w Ohio State University, USA [12-
13]. Metoda ta umozliwiajac uzyskanie kompozytow o skomplikowanych ksztattach z weglikow metali zaroodpornych w
stosunkowo niskich temperaturach i krétkim okresie czasu, stanowi atrakcyjna alternatywg dla dotychczas stosowanych
procesow metalurgicznych.

Proces wytwarzania kompozytéw z metali zaroodpomych i ich weglikéw metoda PRIMA-DCP sklada si¢ z dwu faz [13].
W pierwszej fazie, wykonana z weglika metalu zaroodpornego (np. z weglika wolframu) przez prasowanie pastylka o
odpowiednio dobranej zawarto$ci poréw otwartych, poddawana jest bezci$nieniowej infiltracji ciektego stopu metali. W
skiad wystepujacego w fazie cieklej stopu wchodzi wysokotopliwy metal mogacy reagowac z materialem pastylki (np. Zr)
oraz jeden lub wigcej pierwiastkéw (Cu, Ag) nie reagujacych z materiatem pastylki, a powodujacych jedynie obnizenie
temperatury topnienia stopu w poréwnaniu z temperaturg topnienia czystego metalu wysokotopliwego. Przy odpowiednio
dobranym sktadzie stopu mozna obnizy¢ temperaturg topnienia nawet o okoto 1000 K. W drugim etapie wytwarzania
kompozytéw z metali zaroodpornych i ich weglikow metoda PRIMA-DCP dochodzi do reakcji podstawienia (utleniania-
redukcji) pomiedzy reaktywnym skiadnikiem stopu, a weglikiem, z ktérego wykonana jest pastylka. Zar6wno material
pastylki, jak i metal reaktywny stopu sa dobierane w taki sposob, aby w wyniku reakcji podstawienia sumaryczna objetosé
produktu reakcji w stanie statym byla wigksza od objetosci substratu w wystepujacego w stanie statym. W wyniku reakcji
podstawienia dochodzi zatem do zapetniania porow pastylki przez produkty tej reakcji. Stopniowe zapelnianie porow przez
produkty reakcji powoduje, ze nie reaktywny ciekly skladnik stopu jest wypierany z powstajacego kompozytu. W rezultacie
z pastylki o odpowiednio dobranej porowatosci, powstaje praktycznie nieporowaty kompozyt o wysokiej gestosci
wzglednej, zawierajacy w swym skladzie metal zaroodporny pastylki i weglik metalu bedacego reaktywnym skladnikiem
stopu. Tak wytworzone kompozyty majg zatem ksztalty i wymiary uzytych w procesie pastylek.

Celem niniejszej pracy jest przedstawienie procesu wytwarzania kompozytow zbudowanych zwolframu i weglika cyrkonu

metoda PRIMA-DCP .
2. Metodyka badan i dyskusja wynikow

Jako materialu wyjsciowego do sporzadzenia pastylek potrzebnych do wytworzenia kompozytéw zbudowanych z
wolframu i weglika cyrkonu metoda PRIMA-DCP, uzyto weglika wolframu w postaci sproszkowanej, o wielkoéci ziaren
mniejszej od 10 pm i czystosci 99.9 % firmy Aldrich Chemical Co. W celu poprawy jakosci pastylek otrzymywanych
podczas prasowania, do sproszkowanego weglika wolframu dodawano w ilosci 5 % wag. wodnego roztworu alkoholu
poliwinylowego o stgzeniu 4 % wag. Po dokladnym wymieszaniu obu sktadnikow, prasowano je w prasie jednoosiowej
pod cisnieniem 300 MPa, otrzymujac pastylki o érednicy 13 mm i grubosci 3 mm. Po sprasowaniu, pastylki wygrzewano
w temperaturze 673 K przez 4 godziny w atmosferze argonu (o czystosci 99.998 %), w wyniku czego usuwano z nich
alkohol poliwinylowy. W dalszej kolejnosci pastylkiz WC poddawano procesowi spiekania w temperaturze 1673 Kwciagu
4 godzin w atmosferze argonu.W wyniku procesu spiekania otrzymywano probki WC o ggstosci wzglednej okoto 55 %.
Potrzebny do przeprowadzenia reakcji z weglikiem wolframu cyrkon (o czystosci 99.6 %, firmy Johnson-Matthey, Inc.)
mieszano z miedzia (o czystosci 99.9 %, firmy Johnson-Matthey, Inc.) w takim stosunku, aby otrzymaé stop Zr,Cu, 2
nastepnie przetapiano oba skiadniki w tygiu z MgO (Ozark Technical Ceramics, Inc.) w temperaturze 1473 K przez 2
godziny w ochronnej atmosferze argonu. Rentgenowska analiza fazowa (XRD) otrzymanego stopu wykazata, ze w jego
sktad wchodzi jedynie faza Zr,Cu. Nastepnie kawalki stopu Zr,Cu ukladano na ptasko potozonej pastylce WC znajdujacej
sie w tyglu wykonanym z tlenku magnezu. Stosunek molowy Zr,Cu/WC byl tak dobierany aby zapewnic catkowity stopien
przereagowania WC i wynosit okoto 1.5/1. Tak przygotowany zestaw umieszczano w piecu. Przed reakcja wymiany piec
byt przeptukiwany strumieniem argonu przez 2 godziny w celu usunigcia tlenu. Nastgpnie podgrzewano piec z szybkoscig
7 deg/min do zadanej temperatury reakcji (zwykle 1473 - 1573 K). Po osiagnigciu stalej temperatury byla ona utrzymywana
na stalym poziomie przez 2 godziny, a nastgpnie piec chiodzono z szybkoscia 7 deg/min.

Skiad fazowy otrzymanego kompozytu badany byt metoda dyfrakcyjnej analizy rentgenowskiej. Analizowano zardwno
sktad fazowy zewnetrznych powierzchni, jak i wewngtrznych przekrojéw otrzymanych po przecigciu kompozytow. Wyniki
analiz rentgenograficznych wykazaly, ze wytworzone kompozyty zbudowane sa wylacznie z wolframu i weglika cyrkonu,

rys.1.
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Rys.l. Dyfraktogram uzyskany z wewngtrznej powierzchni kompozytu W-ZrC, otrzymanego
w temperaturze 1573 K.

Poniewaz w badanych prébkach nie stwierdzono obecnosci WC, oznacza to, ze weglik wolframu znajdujacy sig w pastylce
catkowicie przereagowat z cyrkonem bgdacym skiadnikiem stopu, wg nastgpujacej reakcji:
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Z drugiej strony, brak obecnosci miedzi, Zr,Cu oraz innych zwiazkéw cyrkonu z miedzia (np. CusZr, Cus Zry,, CugZr;,
Cu,,Zr,, CuZr) w badanych prébkach $wiadczy o zapetianiu poréw pastylek gtownie przez weglik cyrkonu. Stopniowe
zapelnianie poréw przez ZrC powoduje bowiem, ze nie reaktywny ciekly skladnik stopu, czyli miedz, jest wypierany z
powstajacego kompozytu. Wnioski dotyczace sktadu fazowego kompozytéw, otrzymane dzigki rentgenograficznej analizie
fazowej, potwierdzaja obserwacje i analizy mikroskopowe, rys. 2. Z przeprowadzonych analiz wynika, ze kompozyty
zawieraja weglik cyrkonu (okolo 45.1 % obj.), wolfram (okolo 45.9 % obj.) i miedz (do 9 % obj.). Brak pikéw
odpowiadajacych miedzi na wykonanych dyfraktogramach wynika prawdopodobnie ze stosunkowo malej jej zawartosci
w badanych prébkach. Otrzymane kompozyty sa praktycznie pozbawione poréw, a zmiana ich wymiaréw w stosunku do
pierwotnych wymiaréw pastylek WC, z ktérych zostaty wykonane nie przekracza 1 %.

Na szczeg6lng uwage zastuguje réwniez fakt wysokiej wytrzymalodci otrzymanych kompozytéw na zginanie (684 MPa
w temperaturze 673 K oraz 450 MPa w temperaturze 873 K), w poréwnaniu do wytrzymato$ci typowej dla materiatow
ceramicznych. W temperaturach wyzszych od 723 K kompozyty W/ZrC przestaja by¢ kruche i maja wiasnodci kowalne.
Wytrzymatosci badanych kompozytéw okreslano zgodnie z norma C 1161-94 (Standard test method for flexural strength
of advanced ceramics at ambient temperature).
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Rys.2. Przekroje kompozytu W-ZrC, otrzymanego w temperaturze
1573 K w obrazach: a) SE, b) BSE.

3. Podsumowanie

W pracy zaprezentowano metodg PRIMA-DCP umozliwiajacq wykonywanie kompozytéw o skomplikowanych ksztattach
z weglikow metali zaroodpormnych w znacznie nizszych temperaturach w poréwnaniu z temperaturami, jakie dotychczas
byly stosowane do otrzymania takich materiatéw przy wykorzystaniu klasycznych proceséw metalurgicznych. Wytworzone
kompozyty maja ksztalty i wymiary odpowiadajace pastylkom, z ktorych zostaty wykonane, co umozliwia nadawanie im
w prosty sposéb nawet skomplikowanych ksztaltéw i eliminuje koniecznosé stosowania czasochlonnej i kosztownej
mechanicznej obrébki powierzchni. Wysoka zaroodpornos¢ otrzymanych kompozytéw oraz ich dobre wilasnosci
mechaniczne sprawiajga, ze sa one potencjalnymi materiatami przeznaczonymi do zastosowan w niezwykle wysokich
temperaturach w przemysle lotniczym,chemicznym i motoryzacyjnym.




Niniejsza praca zostala wykonana dzigki finansowemu wsparciu udzielonemu przez Air Force Office of Scientific

. Research (grant nr F 49620-01-1-0477) oraz Fundacje J. Fulbright’a.
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HETEROGENICZNA REAKCJA WEGLIKA WOLFRAMU Z CYRKONEM
W SRODOWISKU CIEKLEGO Zr,Cu
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stowa kluczowe: PRIMA-DCP, kompozyty,
kinetyka reakcji, WC, ZrC

Streszczenie: W pracy przedstawiono rezultaty badain mechanizmu i kinetyki heterogenicznej reakcji weglika wolframu
w $rodowisku ciektego Zr,Cu w zakresie temperatur 1423 — 1673 K. W badanych warunkach miedZ nie bierze
bezposredniego udziatu w reakcji z WC, a stuzy jedynie do obnizenia temperatury topnienia cyrkonu. Wskutek reakcji
weglika wolframu z ciektym cyrkonem, na powierzchni WC tworzy si¢ wielowarstwowa strefa produktéw reakcji
zbudowana z wolframu i weglika cyrkonu. Kinetykg narastania poszczegélnych warstw mozna opisaé prawem
parabolicznym. Otrzymane wyniki wskazuja, ze najwolniejszym procesem determinujacym szybko$é reakcji weglika
wolframu z cyrkonem jest dyfuzja wegla po granicach ziaren.

The WC heterogeneous reaction with Zr in environment of liquid Zr,Cu

Abstract: In the present paper the investigations of the mechanism and kinetics of the WC heterogeneous reaction with
liquid Zr at the temperature range of 1423 — 1673 K are presented. At the experimental conditions copper does not react
with WC and is used to decrease the melting point of Zr. As a result of heterogeneous reaction, on the surface of WC a
multilayered scale composed of W and ZrC is formed. The kinetics of particular layer formation can be described by the
parabolic rate law. Obtained results suggest that the slowest step controlling the overall kinetic of displacement reaction
is the carbon solid state diffusion through grain boundaries.

1. Wstep

Kompozyty zawierajace w swym skladzie metale wysokotopliwe oraz ich wegliki stanowia atrakcyjna grupe potencjalnych
materiatéw przeznaczonych do zastosowan w przemysle chemicznym i motoryzacyjnym, a przede wszystkim w przemysle
lotniczym. Szczegdlnie trudne warunki pracy materiatow konstrukcyjnych, wystepujace w najnowszych silnikach
rakietowych i odrzutowych, w ktérych s3 one poddawane zaréwno dzialaniu wysokich temperatur jak i obcigzeniom
mechanicznym powoduja, Ze oprécz wysokiej zaroodpornosci, materialy stosowane do produkcji dysz i zawordw silnikéw
rakietowych lub odrzutowych, lopatek turbin oraz innych elementow komor spalafi, musza posiadaé takze odpowiednie
wiasnosci zarowytrzymatle [1] - [3]. Oba te warunki speiniaja kompozyty na bazie weglikdw metali zaroodpornych, ktére
w poréwnaniu z litymi metalami czy zwigzkami migdzymetalicznymi posiadajg na ogot wiekszg twardosé, sztywno$¢ oraz
odpornosé na $cieranie i pefzanie [4], [S]. Z drugiej natomiast strony wykazuja wysoka, charakterystyczna dla materialow
ceramicznych, wytrzymalos¢ na pekanie i odpomos¢ na szoki termiczne [4]. Niejednokrotnie dodatkowaq zaleta jest rowniez
ich niski cigzar wlasciwy, przez co sa szczegélnie atrakcyjnymi materiatami dla przemystu lotniczego.

Do materiatow nowej generacji mogacych znalez¢ zastosowanie w przemysle lotniczym nalezy zaliczyé przede wszystkim
kompozyty zbudowane z wolframu i weglika cyrkonu. Zarowno bowiem wolfram jak i weglik cyrkonu maja bardzo wysokie
temperatury topnienia (Ty, = 3695 K, T, = 3813 K). Obydwa materialy charakteryzuja sie rdwniez matg preznoscig par
w zakresie temperatur wystepujacych w gazach wylotowych z dysz rakietowych (T = 2773 K). Poniewaz materialy te
posiadaja pordwnywalne wielkosci wspoélczynnikdw rozszerzalnosci termicznej (w przypadku weglika cyrkonu liniowy
wspolczynnik rozszerzalnosci termicznej zmienia sie od temperatury pokojowej do 3000 K w zakresie 4-10 deg™' - 10.2-10°
¢ deg', za$ w przypadku wolframu w zakresie 4.5-10° deg™' - 9.2:10°® deg™), ich stosowanie w wysokich temperaturach
powoduje powstawanie na granicy faz W| ZrC relatywnie matych naprezen mechanicznych. W poréwnaniu ze stosowanym
dotychczas do wyrobu dysz rakietowych czystym wolframem, weglik cyrkonu posiada prawie trzykrotnie mniejsza gestos¢
(Pzic = 6.63 g/em’, py, = 19.3 g/em’, ) co pozwala na zmniejszenie cigzaru elementéw budowanych z kompozytéw W-ZrC
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bardzo skomplikowane ksztalty w stosunkowo niskich temperaturach i krétkim okresie czasu, dzieki uzyciu do ich
wytwarzania metody PRIMA-DCP (Pressureless Reversible Infiltration of Molten Alloys by the Displacive Compensation
of Porosity) [7 - 10]. Metoda ta (szczegétowo opisana w publikacji pt. “Nowa generacja materialow kompozytowych
wytwarzanych metoda PRIMA-DCP”, zawartej w niniejszym woluminie Inzynierii Materiatowej [10]), polegajaca na
przeprowadzeniu reakcji podstawiania pomigdzy np. weglikiem wolframu, a ciektym cyrkonem, bedacym skiadnikiem stopu
cyrkonu z miedzia, stanowi atrakcyjng alternatywe dla dotychczas stosowanych procesow metalurgicznych. Proces
wytwarzania kompozytéw W-ZrC metoda PRIMA-DCP pomimo swojej prostoty nie jest jednak w peini zrozumialy. Nie
jest bowiem znany zaréwno mechanizm zachodzenia reakcji pomigdzy weglikiem wolframu, a ciektym cyrkonem jak i
kinetyka tego procesu. Informacje te sa natomiast niezwykle potrzebne w celu wiasciwego zaprojektowania procesu
technologicznego wytwarzania kompozytéw W-ZrC przy uzyciu opisanej metody.

Celem niniejszej pracy jest wyjasnienie zaréwno mechanizmu zachodzenia heterogenicznej reakcji weglika wolframu z
ciektym cyrkonem, bedacym skiadnikiem stopu Zr,Cu, jak i okreslenie kinetyki tego procesu w funkcji temperatury i czasu.

2. Procedura eksperymentalna

W ramach przygotowania probek do badan, z proszku weglika wolframu o wielkosci ziaren do Tpm i czystoscl 99.9 %
at. (Aldrich Chemical Co.) sprasowano pastylki o $rednicy 13 mm i grubosci 3 mm. W celu poprawy jakosei pastylek
otrzymywanych podczas prasowania, do sproszkowanego weglika wolframu dodawano w ilosci 3 % wag. wodnego
roztworu alkoholu poliwinylowego o stezeniu 10 % wag. i po dokladnym wymieszaniu obu skiadnikéw, prasowano je w
prasie jednoosiowej pod ci$nieniem 300 MPa. Tak przygotowane pastylki wygrzewano nastepnie w temperaturze 673 K
przez 4 godziny w atmosferze argonu (o czystosci 99.998 %) w celu usunigcia z nich alkoholu poliwinylowego. W dalszej
kolejnosci pastylki z WC poddawano procesowi wstepnego spiekania w temperaturze 1673 K w ciggu 4 godzin w
atmosferze argonu pod ci$nieniem atmosferycznym.W wyniku procesu spiekania otrzymywano probki WC o ggstosci
wzglednej okolo 55 %. W kolejnym etapie pastylki spiekane byly izostatycznie przez jedna godzing w temperaturze 2123
K w argonie pod ci$nieniem 70 kPa, a nastgpnie przez kolejna godzing w tej samej temperaturze pod cisnieniem 210
MPa.W rezultacie procesu spiekania pod ciénieniem, gestos¢ wzgledna pastylek osiagneta 99% wartoséci teoretycznej
gestosci weglika wolframu. Tak przygotowane pastylki WC byly polerowane na papierach $ciernych o zmniejszajacej si¢
gradacji (do 800 SiC) i polerowane przy uzyciu past diamentowych (o wielkosci ziaren od 12 pm do 0.23 pm). az do
osiagniecia przez probki lustrzanego potysku. Potrzebny do przeprowadzenia reakcji z weglikiem wolframu cyrkon (o
czystosci 99.6 %, firmy Johnson-Matthey, Inc.) mieszano z miedzig (o czystosci 99.9 %, firmy Johnson-Matthey, Inc.) w
takim stosunku, aby po przetopieniu otrzymaé stop Zr,Cu, a nastgpnie umieszczano oba skladniki w tyglu z MgO (Ozark
Technical Ceramics, Inc.), w ktérym zawieszano réwniez pastylk¢ z weglika wolframu. Tak przygotowany zestaw
umieszczano w piecu, ktory przeplukiwano strumieniem argonu przez 2 godziny w celu usunigcia tienu. a nastgpnie
podgrzewano z szybkoscia 7 deg/min do osiagnigcia zadanej temperatury reakcji (1423 - 1673 K). Po osiagnigciu stalej
temperatury byla ona utrzymywana przez okres od 1,5 do 24 godzin, a nastgpnie piec chiodzono z szybkoscia 7 deg/min.
Po wykonaniu zgladéw z probek WC poddanych reakcji z ciektym cyrkonem. badano morfologi¢ oraz grubosci
poszczegdlnych produktéw reakeji przy uzyciu technik mikroskopii elektronowej i dyfrakcji rentgenowskiej.

3. Wyniki badan

W wyniku badan reakcji pomiedzy weglikiem wolframu, a cyrkonem bgdacym skladnikiem cicklego w temperaturze
reakcji stopu Zr,Cu, okazato sig, ze na powierzchni pastylek WC dochodzi do powstania ciaglej warstwy wolframu, na
ktérej narasta ciggla warstwa weglika cyrkonu:

WC ., + Zr,, = W,

(s)

+ ZiC,, )

(s)

Narys.1 przedstawiono fragment pastylki weglika wolframu z wyraznie widoczng warstwa wolframu | weglika cyrkonu.
Na uwage zastuguje fakt, ze granica faz pomigdzy weglikiem wolframu, a wolframem jest stosunkowo plaska, co $wiadczy
o réwnomiernym zachodzeniu reakcji WC z cieklym cyrkonem. Poniewaz juz od poczatkowych stadiow reakcji opisanej
rownaniem (1) weglik wolframu jest fizycznie oddzielony od cieklego stopu poprzez warstwy produktow reakcji, dalsze
zachodzenie tego procesu zwiazane jest z dyfuzja atoméw wegla z weglika wolframu poprzez warstwg wolframu do
weglika cyrkonu. W konsekwencji reakcja pomigdzy weglikiem wolframu, a cyrkonem moze byé limitowana poprzez jeden
znastgpujacych proceséw elementarnych: dyfuzj¢ wegla w wegliku wolframu, w wolframie lub w wegliku cyrkonu, dyfuzje
cyrkonu w ciektym stopie Zr,Cu, albo reakcje chemiczne zachodzace na granicy faz WC|W, W|ZrC lub ZrC|Zr,Cu. W
celu okreslenia, ktéry zwymienionych proceséw elementarnych przebiega najwolniej, a wigc limituje szybkoéé zachodzenia
reakcji (1), przeprowadzono pomiary kinetyki powstawania warstw wolframu i weglika cyrkonu w funkcji temperatury.
W tym celu po okre$lonym czasie reakcji danej pastylki WC z Zr w stalej temperaturze, mierzono grubosci poszczegdlnych
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wegla C** wzdhuz granic migdzyziarnowych zaréwno w wegliku wolframu (288 kJ/mol [14]), jak i wegliku cyrkonu (297
kJ/mol [15]). A zatem najwolniejszym procesem determinujacym szybkos¢ reakeji WC z cyrkonem jest dyfuzja wegla po
granicach ziaren wymienionych weglikow.
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Rys.4. Temperaturowa zalezno$¢ parabolicznych statych
szybkosci formowania si¢ warstw wolframu i weglika
cyrkonu, powstajacych w wyniku reakcji weglika
wolframu z cieklym cyrkonem.

4. Wnioski
Na podstawie badan przeprowadzonych w ramach niniejszej pracy mozna wyciagnaé nastgpujace wnioski:
1. W rezultacie reakcji weglika wolframu z ciektym cyrkonem powstajg ciggle warstwy produktéw reakeji: wolframu
i weglika cyrkonu.
2. Kinetyki powstawania ciaglych warstw wolframu i weglika cyrkonu moga by¢ opisane prawem parabolicznym.

Wyznaczone wartosci energii aktywacji powstawania zar6wno wolframu, jak i weglika cyrkonu sugeruja, ze
najwolniejszym procesem determinujacym szybkos¢ reakcji weglika wolframu z cyrkonem jest dyfuzja wegla po
granicach ziaren w weglikach.

Niniejsza praca byta wykonana dzigki finansowemu wsparciu udzielonemu przez Air Force Office of Scientific Research
(grant nr F 49620-01-1-0477) oraz Fundacje J. Fulbright’a.
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